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Graphical abstract 
Highlights 
 Modeling of mechanical behavior for the material-jet printed polymers
 Validation of the material models by comparing the finite element analysis and physical tensile test with
multi-material printed specimens
 The result proves that it is possible to create a desired strain field by locally changing the ratio of the digital
materials without changing the overall shape
Abstract 
The goal of this work is to validate the material models for parts created with a Material Jetting 3-dimensional 
printer through the comparison of Finite Element Analysis (FEA) simulations and physical tests. The strain maps 
generated by a video extensometer for multi-material samples are compared to the FEA results based on our material 
models. Two base materials (ABS-like and rubber-like) and their composites are co-printed in the graded tensile test 
samples. The graded islands are embedded in the rubber-like test specimens. The simulations were conducted 
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utilizing previously fitted material models, a two-parameter Mooney-Rivlin model for the elastic materials (Tango 
Black+, DM95, and DM60) and a bilinear model for the rigid material (Vero White+). The results show that the 
simulation results based on our material models can predict the deformation behaviors of the multi-material samples 
during a uniaxial tensile test. Our simulation results are able to predict the maximum strain in the matrix material 
(TB+) within 5% error. Both global deformation pattern and local strain level confirm the validity of the simulated 
material models.  
 
Keywords 
Material jetting, Functionally graded materials, 3-dimensional printing, Additive manufacturing, Finite element 
analysis, Digital materials 
 
1 Introduction 
 
Additive manufacturing (AM) is a process that creates parts by continuously adding material layer by layer. This 
technique has been utilized to create complex structures, such as internal hierarchal patterns [1, 2], which are 
impossible to create with other conventional manufacturing methods. AM has been used in several fields such as 
dental [3, 4], medical [5-9], aerospace [10, 11], electronics [12], and microfluidics [13, 14] to produce unique 
devices. As this technology matures, the number of printable materials has greatly increased, making it possible to 
print reinforced composites [15-17], conductive materials [12], and surgically implantable materials [5, 18].  
Material Jetting (MJT) is an AM technique that utilizes piezoelectric nozzles to selectively deposit polymer droplets, 
which are then cured with UV light [19, 20]. By using multiple material-jetting nozzles, it is possible to create 
composite materials. Various compositions can be achieved by mixing different ratios of resins prior to the curing 
phase. These new composite materials, also known as Digital Materials (DM), greatly expand the range of printable 
materials for the MJT printer. In MJT, the most widely used base materials are Tango Black+ (TB+) and Vero 
White+ (VW+). TB+ is a rubber-like material capable of large elongation, while VW+ is a rigid material that 
simulates the mechanical properties of Acrylonitrile Butadiene Styrene (ABS). There are six possible DM 
combinations printable from the mixture of these two base materials: DM40, DM50, DM60, DM70, DM85, and 
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DM95. The naming convention is based on the equivalent Shore A hardness of each material. For example, DM60 
stands for a Digital Material with Shore A hardness of 60. 
MJT is capable of locally tuning material properties to generate Functionally Graded Materials (FGM) [21]. Similar 
graded materials are naturally observed in the internal structures of bone, the exoskeletons of arthropods, and the 
bark of trees [22]. These natural graded materials have locally tailored properties that improve their overall 
performance. Artificially engineered FGMs have mainly focused on the usage of foam materials or metal alloys for 
the creation of lightweight components [23, 24]. These FGMs have been applied to create aerospace structural 
materials, lightweight concrete structures, and bone mimicking implants [25, 26]. Modeling of FGMs has been 
conducted with various different simulation methods, such as percolation theory, fractal analysis, neural networks, 
swarm optimization, and fuzzy logic [27, 28].  
Researchers have recently started to leverage the potential of MJT printing for advanced FGM applications, 
including robotic mechanisms [29], specialized prosthesis [8, 9], custom tooling [30], mechanical metamaterial [31-
33], and multi-material compliant mechanisms [34]. However, the capability of conducting meaningful computer 
simulations for MJT printed FGMs is limited mainly due to the lack of information regarding the material properties 
and appropriate material models. MJT manufacturers provide insufficient information on the mechanical properties 
to conduct FEA simulations.  
Most of the past research focused on the effects of the printing parameters on the final mechanical properties of the 
printed parts. Blanco et al. measured the stress relaxation modulus of RGD240 (Stratasys) with respect to the 
printing angle and orientation [35]. While Adamczak and Bochnia conducted physical testing to validate the stress 
relaxation models for TB+, VW+ and DM50 [36]. In addition, researchers have studied the effects of aging and print 
orientation on the mechanical properties of TB+, VW+ and some DMs [37], as well as the fatigue behavior of multi-
materials samples [38]. Apart from mechanical properties other characteristics of MJT polymers have been studied 
such as the thermal conductivities of the base polymers VW+, TB+, and Grey60, the results were subsequently 
validated through thermal FEA [39]. Dielectric properties for MJT polymers have also been studied by other 
research laboratories [40]. However, to the best of authors’ knowledge, little study has been reported on the material 
modeling for simulation of DMs created by MJT technology and its subsequent validation through physical testing. 
The goal of this study is to validate the developed material models for VW+, TB+, and DMs. This is done through 
the comparison of simulations and physical tensile test results. In the tensile test samples, various graded structures 
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were embedded in the elastic TB+ matrix. By comparing the strain maps generated from the FEA simulations and 
the tensile tests, the deformations in the multi-material samples were analyzed, and the material models were 
validated.  Additionally, the microstructures of the fracture surfaces were analyzed with a scanning electron 
microscope (SEM) in order to study the interface region between materials. 
2 Materials and Methods 
The samples were printed utilizing an MJT printer, Connex 500 (Stratasys). Samples were printed utilizing the DM 
printing mode, which prints at a 30-µm layer height. Both the standard support setting and the matte surface finish 
option were selected. The matte surface was utilized for better spray painting results, which was required for the 
video extensometer analysis. The parts were printed lying flat on the build tray with their tensile axis oriented along 
the printing axis (x-axis). The test samples are composed of TB+, VW+, and two of their DMs (DM95 and DM60, 
whose Shore A hardness are 95 and 60, respectively). For comparison, a door seal has a Shore A hardness of 55, a 
tire tread has a value of 70, and a roller skate wheel is around 98.  
Material models for these DMs and base materials (TB+, VW+) were developed for FEA simulations in our 
preliminary study. This characterization process was conducted by fitting tensile test data into a Mooney-Rivlin 2 
parameter material model. The uniaxial tensile test was based on the Korean Standard M6518 for vulcanized rubber, 
which is equivalent to the ASTM D638 test standard. The fitting procedure was done utilizing the fitting capabilities 
of the Origin Pro software suite. 
3-dimensional modeling and FEA simulations were conducted with SolidWorks 2016 (Dassault Systemes). Tensile 
tests were performed with a 100-series modular universal test machine (UTM, Test Resources). The strain 
distributions in the samples were analyzed utilizing a video extensometer (Vic Gauge, Correlated Solutions) and its 
corresponding image analysis software (Vic 2D, Correlated Solutions). The results were then compared to those of 
the FEA simulations. The microstructures of the samples were analyzed with a SEM (JEOL-7800F). 
2.1 Sample design 
Fig. 1 shows the dimensions of tensile test specimens. The baseline design, Sample 1 (S1) was printed utilizing only 
the elastic material (TB+). To discern the effects of multi-material prints, three different configurations were tested. 
Sample 2 (S2) shown in Fig. 1b consists of the same outline as S1 with the addition of a circular island made up of 
the rigid material (VW+). In Sample 3 (S3) and Sample 4 (S4) (Figs. 1c-d), graded islands were printed by creating 
regions of different materials at the center of the samples (VW+, DM95, and DM 60 from the center out). The 
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circular and rectangular graded islands are embedded within the TB+ in S3 and S4, respectively. The four sample 
design plans are summarized in Table 1.  
(Fig. 1) 
(Table 1) 
2.2 Tensile Testing 
The tensile tests of the printed samples were conducted with a UTM. The displacement was recorded with a video 
extensometer that measures the distance between markings on sample surface during deformation. The markings 
were generated by covering the samples with black paint and then by spraying with white spray paint to create a 
speckled pattern (Fig. 2a). The grips separated at a constant speed of 50 mm/min until the load cell recorded a 
sudden drop associated with the breakage of the sample or the grip reached the prescribed 30 mm displacement. The 
video extensometer continuously captured images of the sample as it deformed. These images were then imported 
into the analysis software. The analysis window (red shaded rectangle in Fig. 2b) was set in the analysis software 
and allowed for the strain mapping of the sample. The analysis window grows as the sample is stretched as 
illustrated in Fig. 2c.  
 (Fig. 2) 
2.3 FEA modeling 
Stress-strain curves for TB+, DM95, and DM60 from the uniaxial tensile tests conducted in our preliminary research 
were fitted into the Mooney-Rivlin two-parameter material model. The Mooney-Rivlin two-parameter model is one 
of the most widely used phenomenological models for modeling hyper-elastic materials. The fitting equation was: 
Eq. 1                      𝑦 = 2 × (1 +
𝑥
100
−
1
(1+
𝑥
100
)
2) × (𝐶1 +
𝐶2
1+
𝑥
100
) 
Where y and x are stress and strain, respectively. C1 and C2 represent the elastic behavior and the divert from 
elasticity, respectively [41]. C1 and C2 for the materials used in this study are summarized in Table 2. Fig. 3 shows a 
comparison between the stress-strain curves from the tensile test data used for the fitting procedure and the material 
models. TB+ (Fig. 3a) and DM60 (Fig. 3b) have an accurate fit, with DM95 (Fig. 3c) underestimating the stress 
values at strains lower than 20%. VW+ was modeled as a bilinear material with an initial Young’s modulus of 2.0 
GPa and yield point of 10 MPa, and a second modulus of 650 MPa and yield point of 30MPa (Fig. 3d). 
(Table 2) 
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(Fig. 3) 
SEM images of the fracture surface for VW+ and TB+ show a clear difference between the two materials. The 
images were taken at 60x (Fig. 4) and 200x (Fig. 5) magnification. TB+ displays a smooth fracture surface with 
horizontal stripping caused by the layer-by-layer printing. Conversely, the brittle sample of VW+ shows a very 
rough surface morphology. Both DMs show mostly smooth, but mildly rough surfaces. DM95 displays a rougher 
fracture surface than DM60 due to the increased amount of VW+ present in the material mixture. 
(Fig. 4) 
(Fig. 5) 
Individual models for each material were imported into the material library of the FEA simulation software and 
assigned to the corresponding regions shown in Fig. 1. Non-linear studies were used in the FEA to simulate large 
deformations. The simulation settings are summarized in Table 3. For the boundary conditions, one side of the 
sample was fixed while the other side was displaced up to 30 mm, mimicking the actual physical test conditions 
(Fig. 2c). The interface regions between different materials were modeled as perfectly bonded. Due to the mismatch 
in material properties, the transition regions were modeled with a finer mesh. Fig. 6 shows the center regions of S2 – 
S4, where the multi-material islands were printed. Details on the mesh parameters and size are summarized in Table 
4.  
(Table 3) 
(Fig. 6)  
(Table 4) 
3 Results and Discussion  
Fig. 7 shows the strain patterns of S1-S4 produced by the extensometer software at 30 mm displacement. At larger 
deformations, breakage of the paint on the sample surface affects the data acquisition and causes holes on the strain 
maps. As S1 deformed, it experienced uniform strain levels (Fig. 7a), shown by an almost uniform color throughout 
the gauge length. In contrast, multi-material samples (S2-S4) exhibited distinct strain patterns caused by the shape of 
embedded material islands. S2 (Fig. 7b) and S3 (Fig. 7c) display similar strain distributions as they share the same 
island shape. However, S3, which has a graded transition, displays lower strain values surrounding the VW+ region. 
The strain gradient shown in S3 is also observed in S4. The different levels of compliance in the DMs surrounding 
the rigid center cause the gradual transition in both S3 and S4.  
AC
CE
PT
ED
 M
AN
US
CR
IPT
  
(Fig. 7) 
The strain patterns produced by the FEA simulation are shown in Fig. 8. The resulting strain patterns for each 
sample were analogous to those from the tensile test (Fig. 7). The single material sample (S1) showed uniform strain 
levels throughout the gauge length of the sample. While the multi-material samples displayed unique strain 
distributions depending on the shape of the embedded island.  
S1 displays a maximum strain level of 26%, shown in green throughout its gauge length (Fig. 8a). S2 experiences 
lower strain levels on the TB+ regions and higher strain levels at VW+ interface (Fig. 8b). S3 shows lower levels of 
strain immediately surrounding the VW+ region. Each material region experiences varying degrees of strain; with 
VW+ showing less than 1% strain, DM95 is slightly more compliant and experienced less than 2%. DM60 had a 
maximum of 20% strain, and TB+ the most elastic material experiences strain in the range of 20% to 40%. S4, 
which also has a graded transition, displays a similar pattern of strain distributions as S3, with the VW+ region 
experiencing no strain and each subsequent material region experiencing higher levels of strain. 
(Fig. 8) 
A comparison of the strain values and locations between the simulation and the physical test for S2-S4 are shown in 
Fig. 9. The maximum strain in each sample occurred closer to the embedded islands in the simulation results 
compared to the tensile test results. This disagreement is associated with the geometric assumption in FEA model. 
The simulation model assumes perfect boundary and bonding between different materials (VW+, DMs, and TB+). 
However, prior to UV cross-linking phases, the inks diffuse into each other at the interface between the 
heterogeneous materials. This inter-inks diffusion creates an intermediate region that reduces the abrupt change in 
material properties at the interface of the embedded island. Both SEM micrographs and visual images confirm the 
diffusion region between TB+ and VW+ (Fig. 10). The SEM of fracture surface (Fig. 10a) shows an intermediate 
roughness that is similar with the DMs in Figs. 5b and 5c. The visual image (Fig. 10b) also shows the grey color at 
the junction area between Tango Black and Vero White due to the diffusion.  
The insets of Fig. 9 show the location of rupture after the samples were stretched until the break. Of note, the FEA 
and tensile test results shown in Figs. 9a-9c were at the fixed displacement of 30 mm. The samples without the 
graded DM materials (Fig. 9a) broke near the island, while the samples with graded islands (Figs. 9b and 9c) broke 
away from the TB+ region. This is due to the stress concentration at the non-graded junction reaching the critical 
rupture stress before other TB regions in the sample. On the other hand, the graded islands reduce the stress around 
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the islands preventing the rupture of the sample until the background matrix material (TB+) breaks. The TB+ used 
in this study breaks at 170% – 220% according to the material data sheet provided by the manufacturer (Stratasys).  
(Fig. 9) 
(Fig. 10) 
A strain level comparison between the simulation results and the tensile test data for S1-S4 is shown in Figs. 11a-d. 
The probe points were selected from the center of the sample towards the edge of the analysis window (in the tensile 
test) or the grip boundary (in the simulation). From the simulation results 21 probe points were selected at 3.25 mm 
intervals, from the tensile test a line was plotted from the center of the sample to the edge of the viewing window 
and multiple points along that line were analyzed. As shown in Fig. 11, both physical test and FEA results show 
almost identical strain curves.  
S1 exhibits a slow decrease in strain as the points move away from the center to the grip (Fig. 11a). S2 displays low 
levels of strain at the center of the sample, then as the probe points transition from the VW+ (i region) to the TB+ (iv 
region) the strain rapidly increases, approximately to 35% and then slowly decreases (Fig. 11b). Meanwhile the 
samples with the gradient transition (S3 and S4) exhibit a gradual change in strain levels as shown in Figs. 11c-f. As 
mentioned before, due to model assumptions at material junctions the simulation results have a slight shift in their 
respective plots (Figs. 11b-d). The maximum strain is observed at a closer distance from the center in the simulation 
results. Additionally, the un-graded island (S2) shows a sharper increase in strain when compared to the graded 
island designs (S3 and S4) in both simulation (Fig. 12a) and physical test (Fig. 12b).  
(Fig. 11) 
(Fig. 12) 
With 50% of strain (30-mm displacement in 60-mm gauge length), the maximum strain levels in the materials 
(VW+, DM95, DM60, and TB+) the stress distribution was also obtained in the FEA simulation (Figs. 13a-d). While 
S1 shows minimal stress concentration throughout the sample (less than 0.2 MPa), the multi-material samples show 
concentrations of stress at every material junction.  
(Fig. 13)  
Conclusion  
This research has shown that the FEA method can be utilized to predict the deformation and stress concentrations of 
multi-material parts, such as FGMs, printed by the MJT printer. The uniaxial tension test results matched well with 
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the strain distributions predicted by FEA simulations based on our material models. The material models and FEA 
methods studied herein facilitate the design of FGMs in advanced applications with high fidelity of predictive 
analysis. Based on the result of this study, it is possible to create a desired strain field by locally changing the ratio 
of the DMs without changing the overall shape. 
The ability to selectively tune the material properties of a part from rigid to elastic allows for innovative 
applications. An example is the ability to create living hinges by creating a rigid-elastic-rigid material transition; the 
stiffness of the hinge can be tailored by using different DMs. It is recommended that intermediate DM materials be 
added to reduce the stress concentration at the heterogeneous materials junction. Tensile tests conducted until 
sample break (Fig. 9 insets) show that the multi-material junctions safely withstood large elongations, with the 
eventual break occurring in the TB+ region at an extreme elongation (>170 %).  
Future research will focus on characterizing the material properties when subjected to other load cases, such as 
compression and shear, to create a cohesive material model. Furthermore, other properties such as dielectric 
characteristics and conductivity are of special interest in the field of electronics, and therefore must be characterized. 
As well, special importance will be given to the characterization of the interface regions between different materials. 
A Nano-indentation experiment at the interface regions to measure the effect of material diffusion on the mechanical 
characteristics of the boundary is also proposed in the future research. 
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Figure captions 
Fig. 1 Dimensions of samples designs: (a) S1, (b) S2, (c) S3, and (d) S4 (Unit: mm). 
 
Fig. 2 Test sample preparation: (a) Samples were covered with black paint and speckled with white spray, (b) 
Selection of the analysis window in the software, and (c) Image representation of the test procedure. 
 
Fig. 3 Stress-strain curves for the characterization test and the Mooney Rivlin material models for (a) TB+, (b) 
DM60, (c) DM95, and (d) VW+. 
 
Fig. 4 SEM images of the fracture surface at 60x magnification for (a) TB+, (b) DM60, (c) DM95, and (d) VW+.  
 
Fig. 5 SEM images of the fracture surface at 200x magnification for (a) TB+, (b) DM60, (c) DM95, and (d) VW+.  
 
Fig. 6 Finer mesh control at the interface regions for (a) S2, (b) S3, and (d) S4. 
 
Fig. 7 Strain map results from the video extensometer for (a) S1, (b) S2, (c) S3, and (d) S4. Centerline is shown as a 
black dotted line. 
 
Fig. 8 Strain map results from the FEA simulation for (a) S1, (b) S2, (c) S3, and (d) S4. 
 
Fig. 9 Visual comparison of strain distribution between FEA simulation and physical tensile tests for (a) S2, (b) S3, 
and (c) S4 at the displacement of 30 mm. Maximum stress tends to occur closer to the island in FEA simulations. 
(Inset figures: the images of failure locations when the samples were stretched until break) 
 
Fig. 10 Diffusion of inks at the interface. Mixed regions are boxed with a red-dotted line: (a) SEM cross-sectional 
view at 100x magnification for the interface between TB+ and VW+; and (b) Cross-sectional image of the interface 
between TB+ and VW+ with no magnification and a 1 mm scale bar.  
 
Fig. 11 Comparison of strain measurements along the centerline between the tensile test and the simulation results 
for (a) S1, (b) S2, (c) S3, and (d) S4. 
 
Fig. 12 Comparison of the location of maximum strain for the samples with embedded islands for the (a) tensile test 
and (b) the simulation. 
 
Fig. 13 Stress maps from FEA simulation for (a) S1, (b) S2, (c) S3, and (d) S4. 
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List of Tables 
Table 1 
Description of the shape of the island and gradient type for test samples. 
 
S1 S2 S3 S4 
Island no yes yes yes 
Shape no Circle Circle Square 
Gradient no no yes yes 
 
  
AC
CE
PT
ED
 M
AN
US
CR
IPT
  
Table 2 
Material constants for the Mooney-Rivlin model in Eq. 1. 
Material C1 C2 
TB+  0.15624 MPa  -0.03726 MPa 
DM95  -0.54321 MPa  4.18569 MPa 
DM60  0.77412 MPa  -0.5262 MPa 
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Table 3 
Finite Element Analysis simulation settings in SolidWorks. 
Analysis type Nonlinear  
Mesh type Solid Mesh 
Large displacement formulation On 
Large strain formulation On 
Solver type FFEPlus 
Iterative technique Newton-Raphson 
Integration Method Newmark 
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Table 4 
Mesh information for the Finite Element Analysis simulation. 
Mesh S1 S2 S3 S4 
Mesher Standard mesh 
Jacobian points 4 Points 
Total Nodes 96113 109159 125763 138239 
Total Elements 56658 65476 76786 84362 
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